ABSTRACT
Theileria parva is an intracellular protozoan parasite that is transmitted by ticks and causes East Coast fever, a lymphoproliferative disorder of cattle in East and Central Africa (1) . T. parva-induced T-cell transformation is the predominant mechanism underlying the pathogenesis of East Coast fever. Upon invasion by the parasite, T cells undergo lymphoblastoid transformation (2) , become independent of antigen receptor stimulation (3, 4) , and cease to require exogenous growth factors to proliferate (5, 6) . T. parva-transformed T cells show many characteristics of tumor cells, including unlimited proliferation in vitro, clonal expansion, the formation of invasive tumors in nude mice, and lesions resembling multicentric lymphosarcoma (7, 8) . Although the exact mode of transformation has not yet been elucidated, a number of host cell kinases, such as Src-family kinases (9, 10) , jun-NH 2 -terminal kinase (4, 11) , and casein kinase II (12, 13) , with important functions in the regulation of T-cell activation, proliferation, and transformation have been found to be activated in a parasite-dependent manner in T. parva-transformed T cells (9, 14, 15) . A unique aspect of T. parva-induced transformation is that it is entirely reversible (5, 16) . Continuous proliferation depends on the presence of T. parva in the host cell cytoplasm. When the parasite is eliminated by treatment with the specific theilericidal drug BW720c, cells revert to a resting phenotype over a period of 3-4 days (5) and eventually undergo apoptosis (10) .
Apoptosis is a widespread mechanism that is central to the maintenance of cellular homeostasis in all tissues, including the immune system (17) . Apoptosis, or the lack of apoptosis, contributes to the pathogenesis of a number of diseases, including viral infection, autoimmune disease, and, in particular, cancer (18, 19) . In the latter context, evidence has been accumulating that oncogenesis requires an antiapoptotic function that protects transformed cells from programmed cell death (20) . The transcription factor NF-B, which regulates the expression of a diverse set of genes involved in immune function, differentiation, and proliferation (21) , also has been shown to contribute to cell survival by conveying protection against cell death, induced by a range of different apoptotic stimuli (22) (23) (24) (25) (26) (27) (28) . It recently has been shown that this protection is conveyed by the induction of genes that encode different inhibitor of apoptosis proteins (29) (30) (31) (32) , which inhibit members of the caspase family of cell-death proteases (33) .
NF-B is regulated by cytoplasmic inhibitor proteins, IBs, which sequester NF-B in the cytoplasm, preventing its translocation to the nucleus and induction of B-dependent gene expression. Signal-induced phosphorylation of IB by IB kinases (reviewed in ref. 34 ) targets IB to a proteasomal degradation pathway, resulting in NF-B release, nuclear translocation, and activation. In earlier work, it was demonstrated that transformation of T. parva-infected T cells is accompanied by high levels of NF-B in the nucleus (35) . More recently, it was shown that this transformation involves continuous parasite-dependent degradation of IB, resulting in constitutive nuclear translocation and transcriptional activity (36) . Upon elimination of the parasite, IB degradation and NF-B nuclear translocation are down-regulated (35, 36) and the expression of NF-B-responsive genes such as the IL-2 and IL-2R genes (5, 37-39) is arrested.
Given that oncogenesis in tumor cells requires a functional antiapoptotic mechanism (18, 19, (40) (41) (42) and that NF-B has been shown to suppress apoptosis induced by a range of stimuli, we investigated the specific role of parasite-induced NF-B activation in the survival of T. parva-transformed T cells. We demonstrate that a stimulus to undergo spontaneous apoptosis is activated in T. parva-transformed T cells that is blocked, however, by activated NF-B. Thus, in addition to inducing the expression of genes that contribute to proliferation (5, (37) (38) (39) , permanently activated NF-B is also critically required for the survival of T. parva-transformed T cells.
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PNAS is available online at www.pnas.org. (43) into the HindIII and BamHI sites of pcDNA3 (Invitrogen). The p65⌬C deletion mutant corresponding to bp 1-1248 of murine p65 cDNA was generated by reverse transcription-PCR and subcloned into pcDNA3 to generate pcDNA3-p65⌬C. pCMVGFPsg25 was a kind gift of G. Pavlakis, (National Cancer Institute, Frederick Cancer Research and Development Center, Frederick, MD) and has been described (44) .
Abbreviations: TPCK, N-␣-tosyl-L-phenylalanine
Apoptosis Assay. T. parva-infected cells were cultured at 2 ϫ 10 5 cells ml Ϫ1 in cL15 for 5 h in the presence or absence of drugs. Cells were harvested by centrifugation and washed in cold PBS. After centrifugation cells were resuspended in cold staining buffer (10 mM Hepes͞140 mM NaCl͞5 mM CaCl 2 ). Staining with recombinant annexin-V-FITC and propidiumiodide was done according to the manufacturer's instructions, and cells were analyzed by flow cytometry using standard protocols and a FACScan using LYSYSII software (Becton Dickinson).
Cell Lysates and Immunoblot Analysis. Cells were collected and washed twice in ice-cold PBS, pH 7.4, and then processed for immunoblot analysis as described (36) . A rabbit antipeptide polyclonal Ab with the following specificity was used: IB␣ (C-terminal 21 amino acids; sc-371, Santa Cruz Biotechnology). Bound primary Ab was detected by using horseradish peroxidase-conjugated goat anti-rabbit IgG and enhanced chemiluminescence (ECL, Amersham Pharmacia).
Electrophoretic Mobility Shift Assay (EMSA), Cell Transfection, and Chloramphenicol Acetyltransferase (CAT) Assays. EMSA was carried out as described in standard protocols (35) using oligonucleotides (5Ј-GAGGGGACTTTCCG-3Ј and its complement) in which the consensus NF-B binding site is incorporated. Before preparation of nuclear extracts, cells were treated with 25 M TPCK for 1, 2, 3, 4, or 5 h. Plasmids used for transfection have been described (35) . Plasmid Ϫ121͞ϩ232 HIV-CAT (abbreviated HIV-CAT) was derived by modification of pBLCAT5 containing the bacterial CAT gene. In HIV-CAT, the CAT gene is under control of an HIV-1 enhancer with two B elements and the promoter region of the enhancer. Cells were transfected by electroporation using standard protocols (2 ϫ 10 7 cells ml Ϫ1 , 600-l aliquots, 50 g of plasmid DNA, 430 V, 250 F). For cotransfection experiments 10 g of HIV-CAT and 40 g of the expression plasmids (pcDNA3-I S32A and p65⌬C) were used. After electroporation, cells were placed on ice for 5 min and then diluted in Leibovitz L15 medium and incubated at 37°C for 12 h, collected and washed with PBS, and then lysed by freeze-thawing in a CAT assay buffer (100 mM Tris, pH 7.4͞1 mM EDTA͞1 mM DTT). After centrifugation, the supernatant was collected, incubated for 6 min at 65°C, then recentrifuged. A 15-l aliquot was assayed for CAT activity by using 9.25 ϫ 10 3 Bq (250 nCi) of [ 14 C]-chloramphenicol in CAT assay buffer supplemented with 100 g BSA and 2 mg͞ml n-butyryl CoA. Butyrylated chloramphenicol was extracted by using xylene, and activity was determined by liquid scintillation counting.
Green Fluorescent Protein (GFP) Expression Assay. T. parva-transformed T cells were transfected by electroporation with 50 g of pCMV-GFPsg25 (44) as described above and cultured for 2 h in complete L15 medium containing FCS. TPCK (1 M, 10 M, 25 M) then was added for 5 h and the number of GFP-expressing cells was counted by using a Neubauer chamber and immunof luorescence microscopy (ϫ40 magnification). For cotransfection experiments 10 g of 
RESULTS
Inhibitors of IB␣ Phosphorylation Induce Apoptosis. To determine whether the inhibition of NF-B would initiate a cell death response, T. parva-transformed cells were treated with two potent inhibitors of the NF-B activation pathway. TPCK (45, 46) and are unrelated compounds that both inhibit IB␣ phosphorylation and subsequent degradation. Western blot analysis of IB␣ revealed that treatment of T. parva-infected T cells with either compound resulted in a rapid block in IB␣ phosphorylation as judged by the disappearance of the phosphorylated form of IB␣, which migrates with reduced electrophoretic mobility in SDS͞PAGE (Fig. 1A, black arrowhead) . The inhibition of phosphorylated IB␣ formation was most pronounced in cells treated with BAY 11-7082. The effect of blocking IB␣ phosphorylation on NF-B transcriptional activity also was tested. Treatment of T. parva-transformed T cells with TPCK was accompanied by a dose-dependent arrest of B-dependent HIV-CAT reporter gene expression (Fig. 1B) .
To see whether TPCK or BAY 11-7082 were capable of inducing apoptosis, T. parva-transformed T cells were analyzed by using an annexin-V binding assay. Annexin-V binds phosphatidylserine, which normally is situated on the inner leaflet of the plasma membrane, but translocates to the outer layer of the membrane (cell surface) during the early phases of apoptosis, at a time when the cell membrane itself is still intact (48, 49) . Flow-cytometric analysis showed that most cells bound FITC-labeled annexin V on exposure to either TPCK or BAY 11-7082 (Fig. 1C) , with BAY 11-7082 being the strongest inducer of phosphatidylserine surface expression. Treated cells also showed the typical morphological hallmarks of apoptosis, including cell shrinkage, membrane blebbing, and nuclear condensation (not shown).
Blocking NF-B Activation Reveals a Temporal Relationship with the Induction of Apoptosis.
To test whether a correlation exists between the occurrence of apoptosis and NF-B inhibition, a time-course experiment was carried out in which the effect of TPCK on NF-B DNA binding activity, measured in a quantitative electrophoretic mobility-shift assay, and annexin V-FITC binding was monitored over a period of 5 h (Fig. 2) . The block of IB␣ phosphorylation induced by TPCK (see Fig. 1 A) , which became apparent within 30 min and was complete within 45 min, was accompanied by the arrest of DNA binding activity. The latter could be observed within 1 h of treatment and was almost complete within 2 h. The decrease in NF-B DNA binding activity, in turn, immediately preceded the onset of apoptosis, with the first annexin V-FITC binding cells being detectable at 2 h, steadily increasing to a maximum at 5 h. This observation shows that TPCK-mediated inhibition of NF-B correlates closely with the induction of apoptosis. Similarly, the inhibition of NF-B DNA binding by BAY 11-7082 (not shown) and induction of apoptosis by BAY 11-7082 (Fig. 1B) were preceded by a block in IB␣ phosphorylation ( Fig. 1 A, Lower) . Direct Interference with Components of the NF-B Activation Pathway Induces Apoptosis. Despite the fact that TPCKinduced and BAY 11-7082-induced apoptosis correlated closely with NF-B inhibition, it could not be completely excluded that these inhibitors induce apoptosis by affecting other signaling pathways that are essential for maintaining cell survival. To confirm the antiapoptotic role of NF-B in T. parva-transformed T cells in a direct manner, we designed transfection experiments aimed at interfering directly with specific components of the NF-B activation pathway through the expression of dominant negative mutants.
We used a repressor form of IB␣, which contains a serine-to-alanine mutation at residue 32 (IB␣S32A) (43) . This mutation prevents IB␣ phosphorylation by IB kinase and subsequent proteasomal degradation (50, 51) , impeding both NF-B nuclear translocation and DNA binding. In a second approach, a dominant negative mutant form of the NF-B subunit p65 lacking the transcriptional activation domain [p65(⌬)C] was used to inhibit NF-B transcriptional activity. Transient expression of IB␣S32A and p65(⌬)C in T. parva-transformed T cells that were cotransfected with the HIV-CAT reporter construct caused a reduction in Bdependent CAT activity of 80.3% and 58.7%, respectively (Fig.  3) , demonstrating that both constructs effectively reduced NF-B transcriptional activity in T. parva-transformed T cells.
To monitor the effects of NF-B inhibition on cell viability at the level of individual cells, an assay system first had to be established that allows the induction of apoptosis T. parvatransformed T cells to be visualized. A cell viability assay, developed to study apoptosis in adherent cells and which relies on the expression of a reporter gene by viable, transiently transfected cells (20, 52, 53) , was adapted for T. parvatransformed T cells. In this assay, T. parva-transformed T cells were transfected with the pCMV-GFPsg25 expression plasmid (44) and the number of cells expressing GFP was monitored in the presence or absence of NF-B inhibition. Fig. 4 demonstrates how upon TPCK treatment the number of T. parvatransformed T cells expressing GFP decreased in a dosedependent manner. To test whether transient expression of dominant negative mutants that block NF-B activation also affects cell viability, T. parva-transformed T cells were cotransfected with pCMV-GFPsg25 and either vectors encoding IB␣S32A or p65(⌬)C, or the corresponding empty expression vectors. Expression of either IB␣S32A or p65(⌬)C resulted in a marked reduction in the number of GFP-expressing cells (Fig. 5A ). Quantitation revealed a reduction by 83% and 59%, respectively (Fig. 5B) . FITC-labeled annexin-V binding experiments carried out on individual cells in which both dominant negative mutants were transiently expressed revealed a corresponding increase in the number of apoptotic cells (not shown).
DISCUSSION
Our results provide direct evidence that T cells transformed by T. parva require an intact, constitutively activated NF-B pathway to escape apoptosis. The transformation of eukaryotic cells by viruses is a well-documented phenomenon (54), but among parasites, Theileria is unique in its ability to transform the cells it infects (9, 15, 55) and is also the only eukaryote known to transform another eukaryote. Most normal cells depend on tissue environment-specific factors to maintain viability and proliferate (56, 57) . T. parva-transformed T cells appear to circumvent these homeostatic mechanisms by becoming independent of antigenic stimulation and exogenous growth factors (4-6), which allows them to proliferate in nonlymphoid as well as lymphoid tissues (8) . Transformation is normally an irreversible event, and acquiring resistance to apoptotic cell death is an essential step in the progression to malignancy (40) . Transformation by T. parva differs from other transformation processes in that it is reversible. Our findings show, however, that T cells transformed in this manner do not escape the requirement for protection against spontaneous apoptosis, and that protection is achieved by constitutive NF-B activation. In this respect, T. parva-transformed T cells closely resemble murine immature B cell lymphoma WEHI 231 cells (58) and human cutaneous T cell lymphoma HuT-78 cells (59) , which also appear to require NF-B to become resistant to spontaneous apoptosis. It recently has been shown that oncogenic Ras initiates not only transformation in NIH 3T3 cells, but also an apoptotic response that is suppressed by the Ras-induced activation of NF-B (20) . Thus, in the same way that the ability of oncogenic Ras to transform cells depends on its capacity to activate NF-B, T. parva-induced T-cell transformation requires parasite-dependent constitutive NF-B activation.
The intralymphocytic schizont stage of T. parva is the only proliferative stage in the mammalian part of the parasite life cycle. Parasite survival therefore strictly depends on persistently infected T cells. By analogy to virus-infected cells (60, 61), early apoptosis would severely limit parasite production and eliminate the spread of parasites in the host. Similar strategies appear to be used by bacteria, and in this context, NF-B activation has been shown to guarantee cell survival during Rickettsia rickettsii infection (62) . T. parva-induced NF-B activation may protect T cells at more than one level. For example, T. parva-transformed T cells acquire solid resistance to tumor necrosis factor-induced cytotoxicity (63) , and observations made in several other systems (22) (23) (24) (25) strongly suggest that this resistance is most likely to be mediated by NF-B. Interestingly, NF-B activation recently has been demonstrated for two other apicomplexan parasites, Plasmodium and Toxoplasma (64) (65) (66) , raising the possibility that this is a common characteristic of parasites belonging to the phylum Apicomplexa. The fact that an NF-B-dependent antiapoptotic pathway exists in T. parva-transformed T cells does not exclude the existence of other antiapoptotic mechanisms. In this regard, initial observations in our laboratory indicate that the death receptor FAS͞APO-1 is downregulated in T. parva-transformed T cells, compared with uninfected Con A-stimulated T cells.
T. annulata transforms cells of monocyte͞macrophage-or B-cell lineage, and NF-B also is activated in these cell lines. It will be interesting to find out whether such cells also rely on a NF-B-dependent mechanism to avoid apoptosis. That T. parva may not be alone among parasites to induce resistance to apoptosis is suggested by the fact that cells infected with Toxoplasma gondii are resistant to multiple inducers of apoptosis (67) , and it will be of interest to determine whether NF-B activation induced by T. gondii infection (64) also is involved in these processes.
In conclusion, during the course of evolution, parasites have developed a broad spectrum of strategies to survive immune attack, including antigenic variation, molecular mimicry, and resistance to immunological effector mechanisms (68) . T. parva has taken this to the extreme, first, by taking up residence inside those cells that have evolved to destroy invading organisms and, second, by inducing uncontrolled proliferation of the host cell and activating the antiapoptotic pathways that are required to maintain the transformed phenotype.
